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The  development  of  ecological  modelling  on  global  level  since  the  middle  of  the  19th  century  is  ﬁrst
reviewed,  including  application  of  statistical  analysis,  introduction  of  logistic  curve,  earth  surface  mod-
eling,  systems  ecology,  computer-oriented  mathematical  models  and  spatially  explicit  models.  Finally,
we discuss  problems  existing  in ecological  modelling  on  global  level.
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1. Introduction
A model is an abstract of reality. It is a formal description of
the essential elements of a problem. A model can be regarded as a
formal description of the system-of-interest. Models can be classi-
ﬁed into physical versus abstract, dynamic versus static, empirical
versus mechanistic, deterministic versus stochastic, and simulation
versus analytical (Grant et al., 1997). A system is an interlocking
complex of processes characterized by many reciprocal cause-
effect pathways (Watt, 1966; Swannack and Grant, 2008). Global
ecological modeling is the process of simulating and analyzing the
ecosystem-of-interest in terms of principles of global ecology and
earth system science, such as systems ecology and earth surface
modelling.
Global ecology is the study of ecological principles and prob-
lems on a worldwide basis (Southwick, 1996). It involves structure,
process and change (Botkin, 1982). Conventionally global ecology
focuses on the earth system science and deals with biological, geo-
graphical, atmospheric, geological and oceanographic issues. The
most acute problems of global ecology are biosphere dynamics
due to anthropogenic impact on the biosphere and climate change
(Kondratyev et al., 1992).
Earth system science is the study of how the earth works as a
system of continents, oceans, atmosphere, ice and life. It is based
on the ability to measure key parameters and integrate that knowl-
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edge into earth system models. The earth system science concept
fosters synthesis and the development of a holistic model in which
disciplinary process and action lead to synergistic interdisciplinary
relevance (Johnson et al., 1997). Earth science researchers charac-
terize the earth system and the interactions among its components
with a network of satellite, airborne and in situ sensors. Data from
the networks of the sensors are used to describe land-cover change,
ocean circulation, the cycling of water and carbon among land,
atmosphere and oceans (King and Birk, 2004).
2. Earth surface modeling
Earth surface modeling went through different phases of devel-
opment, beginning in the middle of the 19th century (Table 1).
Little progress in applying mathematics to earth system issues
was  made until the second half of the 19th century (Israel and
Gasca, 2002). Beginning in the 1880s, several key achievements
were made thereafter. In 1884, statistical analysis and elementary
quantitative techniques started to be applied to handle biological
information (Galton, 1884). In 1916, the probability theory was
applied to study a priori pathometry (Ross, 1916). In 1920, the
logistic curve was introduced into theoretical biology (Pearl and
Reed, 1920). In 1925, statistical methods were developed for deal-
ing with problems in population genetics (Fisher, 1925). In 1926,
ordinary differential equations and integro-differential equations
were applied to build a rational mechanics of biological associ-
ation (Volterra, 1926). Earth surface modelling was  schematized
as follows: (1) identifying characteristic properties of the natural
phenomenon under study, (2) setting up the general description
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Table 1
Major steps in the evolution of global ecological modeling.
Time line Event
Middle of the 19th century First applications of quantitative methods for biological data
1916–1940 Development of statistical methods and of fundamental biological models (e.g., Lotka-Volterra model)
Late  1940s Application of game theory, systems theory, and information theory to biological systems
Other fundamental biological models are developed (e.g., Leslie, 1945, 1948).
1950s First earth’s atmosphere model
1960s Application of systems ecology
Reﬁnement of fundamental biological models
1970s Active period of terrestrial ecosystem model development
1975 Publication of the ﬁrst issue of Ecological Modelling
1980s and 1990s Reﬁnement of aid decision tools for model development
2000s  Revival of interest in differential equations
in mathematical terms to obtain a certain number of differential
equations, (3) using eventually qualitative methods to determine
parameters, and (4) comparing results with empirical facts. During
the late 1920s and the early 1930s, mathematical models were pro-
posed for natural selection and evolution (Haldane, 1927; Wright,
1931). However, these speciﬁc studies focused on small-scaled sys-
tems and relatively few processes were modelled.
After a brief eclipse because of the Second World War, studies
on earth surface modeling of biosphere were gradually resumed
in the late 1940s. The classical biometrical methods and differ-
ential equations were not only used, but also new mathematical
tools were employed, such as game theory, systems theory and
information theory. For instance, Leslie (1945, 1948) developed a
population growth model, Chapman (1950) proposed an idea on
constructing a model of the earth’s atmosphere and the space sur-
rounding it on the basis of detecting the pull of the moon on the
atmosphere by studying 6457 hourly records of air pressure made
at Greenwich, England (Sullivan, 1961), Skellam (1951) developed
a model for spatial population distribution, and Beverton and Holt
(1957) developed a dynamic relation model between ﬁsh popula-
tions, which not only accounted for the reactions of particular ﬁsh
populations, but also for the interactions between them.
The success of the early studies encouraged a series of quanti-
tative models. For instance, a model using the electrical analogue
circuit was developed to analyze photosynthetic production, com-
munity metabolism, biomass and species variety (Odum, 1960).
Methods to increase the realism of the Lotka-Volterra equations
were explored (Garﬁnkel, 1962, 1967a,b; Garﬁnkel and Sack, 1964),
although the Lotka-Volterra equations had been criticized over the
past decades (Smith, 1952). An animal population process was
analyzed by developing a simple mathematical model (Holling,
1964). A one-dimensional model of radiative-convective equi-
librium was developed (Manabe and Strickler, 1964). Plankton
population dynamics was simulated by a linear differential equa-
tion set (Davidson and Clymer, 1966). Digital simulation models
were developed for a Salmon resource system, which were coded
in DYNAMO (Paulik and Greenough, 1966).
In 1970s, numerous computer-oriented mathematical models
were developed for the analysis of entire ecosystems. For instance,
Grassland ecosystem models were developed, which involved
about 40 state variables and several hundred parameters (Bledsoe
et al., 1971; Patten, 1972; Anway et al., 1972). The ﬁrst semi-
mechanistic computer model of forest growth was developed to
reproduce the population dynamics of the trees in a mixed-species
forest type (Botkin et al., 1972). A generalized model for simulating
lake ecosystems was developed in response to one aspect of the
growing need for models suitable for helping man  to manage his
environment (Park et al., 1974). A world model was developed for
simulating relationship between gross national product and human
population growth (Jørgensen, 1975a).  This period also saw the
development of various model types to describe speciﬁc ecosystem
properties. For instance, a linear differential model was developed
to analyze productivity–stability relationships (Rosenzweig, 1971).
The modelling of the diversity–stability relationship was  also a
popular topic (Gardner and Ashby, 1970; May, 1972).
In 1975, the peer-review journal on ecosystem modelling, Eco-
logical Modelling, ﬁrst appeared, which tried to combine three
ﬁelds of science, namely mathematical modelling, systems analysis
and computer techniques, with ecology and environmental man-
agement (Jørgensen, 1975b). However, various problems existed
in this generation of models, such as lack of data and methods for
obtaining needed measurements, inadequacies of modeling the-
ory for macro-system applications, and the propagation of errors
and the uncertainty of model predictions (Patten, 1972; Shugart
and O’Neill, 1979). In addition, the models assumed that processes
occurring within the borders of a system were sufﬁciently uniform
that one could adequately describe dynamics by considering only
total or mean properties of the system. The models emphasized
structure and function in point type systems that incorporated time
but not space. Ecosystem models devoid of spatial consideration
were founded to be too abstract for ultimate purposes (Neuhold,
1975).
Since the middle of 1980s, the translation of model results
into geographical patterns has been under rapid development
(Jørgensen, 2002). For instance, a dynamic spatial simulation model
composed of interacting cells was designed to simulate habitat
changes as a function of marsh type, hydrology, subsidence, and
sediment transport for a generalized coastal wetland area (Sklar et
al., 1985; Costanza et al., 1990). Geographical information systems
(GIS) was  used to spatially verify the close statistical relation-
ship between the dependent variable and each of the independent
variables selected by the logistic regression modeling to better
understand the dimensions of anthropogenic deforestation occur-
ring throughout the tropical world (Ludeke et al., 1990). It was
found that the storage and manipulation of large sets of data in
GIS, which had been facilitated by rapid advances in computing
technology, presented opportunities for modelling spatial distri-
bution and change to distribution at a regional scale (Elston and
Buckland, 1993). The likely impact of climate change on the distri-
bution and abundance of wildlife species was  analyzed by means
of spatial interpolation techniques (Aspinall and Matthews, 1994).
Four predictive mathematical models were combined with GIS  for
population estimation in urban areas (Al-Garni, 1995). A spatially
explicit forest community model was  developed to generate esti-
mates of the potential natural vegetation for the entire potential
forest area of Switzerland under today’s as well as under altered
climate regimes (Kienast et al., 1996). GIS and remote sensing were
applied to aquatic botany in conjunction with simulation models
(Caloz and Collet, 1997). The scale, pattern, and process relation-
ships in the ﬂuvial and alpine environments were studied by means
of optical and microwave remote sensing systems and GIS (Walsh et
al., 1998). GIS was  employed to improve landscape classiﬁcations,
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which might be useful for climate, socio-economic, or biodiversity
modellers (Lioubimtseva and Defourny, 1999). A linkage between
the GIS and the water resources management model was developed
to simulate a river basin water allocation problem as a collection
of spatial and thematic objects (McKinney and Cai, 2002). Forest
ecosystems were spatially simulated and the simulation uncer-
tainty was analyzed (Larocque et al., 2006a, 2008).
The revival of interest in differential equations in early 2000s
had a great impact in the ﬁeld of earth system modeling (Israel
and Gasca, 2002), such as high accuracy and high speed methods
(HAHSMs), which are based on fundamental theorem of surfaces
and formulated by partial differential equations (Yue et al., 2007,
2010; Yue and Song, 2008; Yue and Wang, in press). A model deal-
ing with soil, quality of the water, superﬁcial material and aquifer
properties was constructed to identify all areas of groundwater
vulnerable to nitrate pollution by a combination with GIS (Lake
et al., 2003). Methods for surface modeling were used to simu-
late change trend and scenarios of major terrestrial ecosystems
(Yue et al., 2005, 2006). It was suggested that the development
of spatially explicit disturbance history information from historic
accounts might enable future research to develop more precise
quantitative disturbance history inputs at appropriate resolutions
for ecosystem process models (McNeil et al., 2006). A data model,
a statistical model and an ecological model were integrated in GIS
environment to support ﬁne-scale vegetation community model-
ing (Accad and Neil, 2006). Spatially explicit models were used to
estimate ecosystem services (Troy and Wilson, 2006; Yue et al.,
2008). A simulation program that runs on GIS was  developed to
predict the multi-species size–structure dynamics of forest stands
(Umeki et al., 2008). Several existing process-based models linked
to economic valuation methods are integrated into a GIS platform to
value ecosystem services (Gret-Regamey et al., 2008). Four different
GIS-based habitat models were comparatively applied to analyze
impacts of land use changes, urbanization and infrastructure devel-
opments on fragmentation of natural habitats and biodiversity loss
(Gontier et al., 2010). A spatial decision support system was devel-
oped to support land-use planning and local forestry by providing
spatially explicit information of carbon sequestration and eco-
nomic beneﬁts under various scenarios of the carbon credit market
(Wang et al., 2010).
3. Systems ecology
Systems ecology came along after many models had been devel-
oped. The pioneering work included models in forestry (Reineke,
1933; Glock, 1937), ﬁsheries (Shaw and Grushkin, 1957), agri-
culture (Van Rysselberge and Jeener, 1957; Dingle et al., 1959),
meteorology (Berkofsky and Shapiro, 1961; Keeling, 1961) and
hydrology (Parr and Bertrand, 1960; Smith and Wischmeier, 1962).
In the 1960s, systems ecology appeared as a new and exciting
sub-discipline of ecology (Olson, 1963). In systems ecology, a real
world situation was abstracted into a mathematical model. The
mathematical argument was applied to reach mathematical con-
clusions that were then interpreted into their physical counterparts
(Van Dyne, 1966). Thermodynamics as a holistic view of ecosystems
was employed to ecological modeling (Jørgensen and Mejer (1979),
Jørgensen, 1986). Models of energy, emergy and environs were
developed to provide holistic analyses of complex systems (Odum,
1983, 1988, 1994). Principles of energetic were applied to systems
ecology at all scales (Odum, 1983, 1994). Systems ecology was
deﬁned as the approach to the study of ecology of organisms using
the techniques and philosophy of systems analysis (Kitching, 1983).
Systems ecology is characterized by the application of mathemat-
ical models to ecosystem dynamics. It tends to differ from other
ecological studies in the following attributes: (1) consideration
of ecological phenomena at large spatial, temporal, or organiza-
tional scales, (2) introduction of methodologies from other ﬁelds,
(3) emphasis on mathematical models, (4) orientation towards
computer applications, and (5) willingness to develop hypothe-
ses about the nature of ecosystems (Shugart and O’Neill, 1979). A
variety of schemes for applying ecological modelling approach in
systems ecology has been suggested (Jørgensen, 1994). One  of the
most common procedures of ecological modelling includes some or
all of the following nine steps: (i) problem deﬁnition, (ii) systems
identiﬁcation, (iii) decision on model type, (iv) mathematical for-
mulation, (v) decision on computing methods, (vi) programming,
(vii) parameter estimation, (viii) parameter validation, and (ix)
experimentation (Kitching, 1983). Four fundamental phases, i.e.,
conceptual-model formulation, quantitative-model speciﬁcation,
model evaluation, and model use, were identiﬁed in the process of
developing and using a systems model (Grant et al., 1997), which
became largely recognized. The progresses in systems ecology in
recent years can be found in Encyclopedia of Ecology (Jørgensen and
Fath, 2008) and Handbook of Ecological Modelling and Informatics
(Jørgensen et al., 2009).
4. Discussion
Ecological modelling has expanded from its traditional focus
on organisms to include studies of the Earth as an integrated
ecosystem (Schlesinger, 2006). It has been widely accepted that
earth surface modeling as one kind of methods for ecological
modelling is a powerful tool for analyzing long-term decision
problems (Forrester, 1982; Meadows, 1982; Iyer, 1988; Rotmans,
1990; Claudine and Alain, 2002; Shefﬁeld et al., 2006; Larocque et
al., 2006b; Solidoro et al., 2009). Owing partly to the increasing
availability and speed of computers and to the rapidly expanding
global database from various international cooperation programs
(Boumans et al., 2002), many global models, starting in 1970,
have been developed, such as the model for net primary pro-
ductivity of the entire land surface of the Earth (Whittaker,
1970), the world model of the limits to growth (Forrester, 1971;
Meadows et al., 1972), Ecopath with Ecosim (Polovina, 1984), ter-
restrial ecosystem model (Melillo et al., 1993), dynamic integrated
climate-economy model (Nordhaus, 1993), the model for evaluat-
ing regional and global effects of GHG reduction policies (Manne
et al., 1995), the Asian Paciﬁc integrated model (Matsuoka et al.,
1995), input–output network based model of ecosystems emerging
(Fath and Patten, 1998), the model for water-global assessment and
prognosis (Doell et al., 1999), general circulation models (Arakawa,
2000), the CENTURY model (Kirschbaum and Paul, 2002), the global
uniﬁed metamodel of the biosphere (Boumans et al., 2002), the
integrated model to assess the global environment (Kram and
Stehfest, 2006), and the efﬁcient numerical terrestrial scheme
(Williamson et al., 2006). There appeared several simulation sys-
tems and tools for global ecological issues, such as earth simulator
(Sato, 2004), digital earth system (IDEW, 2001; Grossner et al.,
2008), planet simulator (Fraedrich et al., 2005a,b) and the global
earth observation system of systems (GEOSS) (Lautenbacher, 2006).
Worldwide collaboration took shape by the establishment of
several international scientiﬁc programes, beginning in the middle
of the 19th century. These programs include International Geo-
physical Year (IGY), International Biological Program (IBP) and
Man  and Biosphere (MAB), the World Climate Research Program
(WCRP), the Intergovernmental Panel on Climate Change (IPCC),
International Geosphere-Biosphere Program (IGBP), International
Human Dimensions Program on Global Environmental Change
(IHDP), International Program of Biodiversity Science (DIVERSI-
TAS), Millennium Ecosystem Assessment (MA), and Earth System
Science Partnership (ESSP) (Table 2). They have encouraged data
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Table 2
Timeline of the establishment of worldwide collaboration organizations.
Year Event
1851 International Geophysical Year (IGY)
1864 International Association of Geodesy
1875 International Bureau of Weights and Measures
1878 International Meteorological Organization (WMO)
1931 International Council of Scientiﬁc Union (ICSU)
1963 Global Atmospheric Research Programme (GARP)
1964 International Biological Programme (IBP)
1970 Man and Biosphere (MAB)
1973 World Climate Research Program (WCRP)
1986 International Geosphere-Biosphere Program (IGBP)
1987 Intergovernmental Panel on Climate Change (IPCC)
1990 International Human Dimensions Program on Global
Environmental Change (IHDP)
1991 International Programme of Biodiversity Science (DIVERSITAS)
2001 Millennium Ecosystem Assessment (MA)
2001 Earth System Science Partnership (ESSP)
2005 Global Earth Observation System of Systems (GEOSS)
sharing, data format standardization, and applications of ecological
modeling into decision makings.
However, there exist various problems in global ecological mod-
elling. For example, no global models have yet achieved the level
of dynamic integration between the biophysical earth system and
the human socio-economic system. The global digital terrain model
with high accuracy has not been completed and combined into
related global models, in which geographical zonal regularities
need to be simulated. Spatial relationships are discernible only
on a particular scale of reference (Albrecht and Car, 1999). These
scale-dependent spatial analyses become studies of scales. But cur-
rent GIS do not allow spatial simulation on multi-scales. Although
needs for 3D-GIS have rapidly been growing in earth surface mod-
elling, current GISs are mainly designed for 2D data processing
and management. An alternative way for solving these problems
is to develop a high accuracy and high speed simulation system,
which could deal with huge data and multiscale issues in three
dimensions, under consideration of a ground- and satellite-based
global observation system with an optimal data-sharing mecha-
nism.
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